Lattice distortions in crystals can be mapped at the micron scale using synchrotron X-ray Laue microdiffraction (μXRD). From lattice distortions the shape and orientation of the elastic strain tensor can be derived and interpreted in terms of residual stress. Here we apply the new method to vein quartz from the original boudinage locality at Bastogne, Belgium. A long-standing debate surrounds the kinematics of the Bastogne boudins. The μXRD measurements reveal a shortening residual elastic strain, perpendicular to the vein wall, corroborating the model that the Bastogne boudins formed by layer-parallel shortening and not by layer-parallel extension, as is in the geological community generally inferred by the process of boudinage.
Introduction
Over a hundred years ago the term boudinage was used for the first time to describe particular structures in the Mardasson quarry near Bastogne in the Belgian Ardennes, resembling "a string of sausages (boudin in French) lying side-by-side" (schematic sketch in Figure 1d ) [Lohest et al., 1908] . Since then, boudinage has become a favorite subject of structural geology [Cloos, 1947] , with detailed chapters dedicated in textbooks [e.g., Fossen, 2010] . Consensus exists that boudins are extension structures. Boudinage indeed occurs during deformation of rocks with competent and incompetent layers when subjected to layer-parallel extension, often in high-grade metamorphic conditions [Goscombe et al., 2004] . Yet the interpretation of the original boudin structures from the type locality in the Belgian Ardennes has been controversial. The Bastogne boudins are characterized by the cylindrical cuspate-lobate geometry of the interfaces on both sides of the psammite layer, pinned by layer-perpendicular quartz veins [Kenis et al., 2005] (Figure 1 ). Already Brühl [1969] attributed it to layer-parallel shortening, though there has been no consensus [e.g., Rondeel and Voermans, 1975] . Recent research suggests that these particular boudin, reflect a complex brittle-ductile, polyphase deformation history in a low-grade metamorphic crustal environment, during which buckling of the psammite-pelite interface, also known as mullions, was controlled by the presence of preexisting, layer-perpendicular quartz veins, filling fractures in an overall compressional regime [e.g., Kenis et al., 2004 Kenis et al., , 2005 Van Noten et al., 2011] (Figure 1d ).
In this study we investigate lattice distortions in quartz of Bastogne boudins to obtain further information about the strain history with X-ray diffraction. X-ray and neutron diffraction have been developed by materials scientists for some time to determine deformation-induced residual elastic strain in metals [Noyan and Cohen, 1987] . The crystal lattice becomes deformed when a stress is imposed and part of this deformation is generally maintained when the external stress is released, which is known as residual lattice strain. The diffraction pattern of an elastically deformed crystal defines its distorted unit cell, and by comparing it with the unstrained unit cell of the ideal crystal, one can determine the deviatoric elastic strain tensor. The elastic strain can then be converted to stress, using Hooke's law. An efficient method with very high spatial resolution is synchrotron X-ray Laue microdiffraction (μXRD) that records single crystal diffraction patterns with polychromatic radiation at micron resolution. It has been implemented at several synchrotron facilities such as the Advanced Light Source (ALS) [Kunz et al., 2009a] ), the Advanced Photon Source (APS) [Ice et al., 2011] , the European Synchrotron Radiation Facility (ESRF) [Hofmann et al., 2010] , and the Super Photon Ring (SPring-8) [Kwon et al., 2013] and enables to map strain tensor geometry and orientation with respect to their kinematic context over two-dimensional areas. This will open the possibility to tackle a range of controversial problems, including as in this example, the origin of the Bastogne boudins. Quartz is a good choice to determine residual strain and stress in deformed rocks based on μXRD. Quartz is chemically pure, with no significant compositional effects on lattice parameters compared to, e.g., feldspar with extensive solid solutions. It has a relatively high symmetry (trigonal) and if, for example, the three a axes have different lengths it immediately indicates lattice strain. Quartz is, moreover, a common constituent in many rock types, providing a ubiquitous marker in a range of deformation contexts. To date, residual strain magnitudes in quartz have been explored in granite [Kunz et al., 2009b] , a quartzite subjected to shock metamorphism [Chen et al., 2011] , and in fault gouge from the San Andreas fault . Results are very promising, suggesting that μXRD could also be used to reconstruct the orientation of remnant stress fields in deformed rocks. Vein quartz in the Bastogne boudins, sampled at its type locality (Figure 1a ), has been chosen in this study, to test the potential of μXRD. 
Methods

Sample
Five μXRD scans (Table 1 in supporting information, section 2) were performed in two parallel quartz veinlets, one of them 8 mm thick and the other 1 mm thin, taken from a psammite boudin segment ( Figure 1d ). The scans were performed on a 30 μm thick petrographic thin section, cut perpendicular to the quartz veins and thus the boudin axis ( Figure 1d ). The thin section is mounted on a glass slide and not covered. No polishing is necessary. Diffraction images are recorded in reflection geometry. An image of the thin veinlet is shown in Figure 1b , illustrating the blocky nature of the vein fill. Planar deformation lamellae and bands of fluid inclusions were observed in some quartz crystals ( Figure 1c ) [Kenis et al., 2005; Derez et al., 2015] . We focused initially on individual grains with conspicuous lamellar structures ( Figure 1c ) (scans A and B); later we investigated polycrystalline aggregates with many crystals (scans C and D) to increase the statistical significance of our results. Actual scans were considerably larger than the areas represented in the figures. The selection was done to have similar dimensions for a compact representation.
Measurements
μXRD measurements were conducted on beamline 12.3.2 of the Advanced Light Source synchrotron at Lawrence Berkeley National Laboratory [Kunz et al., 2009a] . At this station, a polychromatic (5-24 keV) X-ray beam is focused to a spot size of 1 × 1 μm using a pair of Kirkpatrick-Baez mirrors. The petrographic thin section was mounted on a scanning stage, and positioned at the focal point of the X-ray beam, but tilted 45°( Figure 2 ). Since the polychromatic X-ray beam size is much smaller than the crystal size, a single crystal Laue diffraction pattern is recorded in reflection mode at each position with a 2-D Pilatus 1 M detector, placed about 140 mm above the specimen, at 90°with respect to the incident X-ray beam. Exact values for experimental geometry (detector distance and orientation, incident X-ray beam position) were calibrated using a synthetic quartz crystal.
Five regions of the sample surface were scanned and details are given in Table S2 in the supporting information. The exposure time was always 1 s. Scans A, B, and S4 focused on single grains, characterized by intracrystalline microstructures (e.g., deformation lamellae and Dauphiné twin boundaries; Figure 1c ). Scans C and D covered polycrystalline aggregates. Scan C contains several coarse grains and many smaller grains, near the edge of the veinlet. Scan D is on the thin vein ( Figure 1b ) and about 50 grains are included in the scanned area.
With a μXRD experiment we can create two-dimensional maps of crystal orientation and elastic strain tensor (orientation and magnitude) by indexing all Laue diffraction patterns of a scan [Tamura, 2014] . In order to relate crystal orientation and strain tensor to the sample coordinates, a Cartesian sample coordinate system xyz is established, associated with the scanning stage. In it, the z axis is defined normal to the thin section surface, while x and y axes are along horizontal and vertical scanning directions, both in the sample surface plane as shown in Figure 2 . This is the same coordinate system that was used in the field (Figure 1d ), and therefore, the stage coordinates in the synchrotron experiment can be directly linked to the kinematic context of the veinlets and thus the boudin segment.
Data Analysis and Calibration
Each scan contains thousands of Laue patterns which were analyzed automatically using the software package XMAS [Tamura, 2014] to determine the crystal orientation and elastic strain tensor at each position. The analysis follows a two-step procedure: First, each Laue pattern is indexed to determine the orientation of the crystal lattice defined by three Euler angles ϕ 1 , Φ, and ϕ 2 , where ϕ 1 (azimuth) and Φ (pole distance) define the orientation of the crystal c axis relative to sample coordinates xyz, and ϕ 2 is the rotation around c that defines the orientation of the crystal a axis [Bunge, 1969] (Figures 3a-3c ). The diffraction intensities were taken into account to obtain the correct orientation of trigonal quartz with a hexagonal lattice [Chen et al., 2012] .
Second, the difference between the observed angles between diffraction peaks and the ones computed based on the unstrained lattice was used to calculate the deviatoric strain tensor ε′ (ε′ = ε tot -ε; ε tot = total strain, ε = hydrostatic strain component) relative to sample coordinates. It is expressed by a 3 × 3 symmetric matrix with six components XX, YY, ZZ, XY, XZ, and YZ, relative to sample coordinates xyz (Figures 3d-3i and see supporting information S1).
The orientation of the strain field is not easily accessible from plots of individual tensor components. Therefore, it is useful to express the shape and orientation of the deviatoric strain ellipsoid in terms of its principal axes. Three numbers define the length of the axes and an additional three vectors define their orientations relative to the sample coordinates xyz [Nye, 1957] . Figure 4 serves to illustrate how orientation is displayed in our strain maps. It shows a unit sphere that is distorted into an ellipsoid relative to sample coordinates xyz. The lengths of the deviatoric vectors ε 1 , ε 2 , and ε 3 define the shape of the ellipsoid through the difference vectors from the sphere to the strain ellipsoid. In our study we will only map the shortest (ε 1 , negative) and the longest (ε 3 , positive) axis of the ellipsoid (white vectors in Figure 4 ). The magnitudes are mapped using a color scale: blue for shortening (negative magnitudes, Figure 3j ) and red for extension (positive magnitudes, Figure 3k ). We also map the projection of the normalized principal axes ε 1 and ε 3 onto the xy sample plane as black lines to give a visual measure of the orientation of shortest and longest ellipsoid axes as well as their out-of-plane components [Li et al., 2015] . Longer lines indicate that the axis is close to parallel to the plane and shorter lines that it is more inclined (Figures 3j and 3k) .
To establish the angular and strain resolution, a 60 μm × 60 μm area on a synthetic quartz crystal with zero nominal residual strain was scanned with 2 μm steps (supporting information Text S3 and Figure S3 -1). The strain distributions measured on a synthetic crystal suggest that we can determine lattice strains with a lower limit of resolution of <10 À4 which is about 15 times smaller than deviatoric strain in boudin quartz.
In order to verify that also the orientation of principal strains is real, a rotation test was performed on the Bastogne quartz specimen (supporting information Text S4, scans S4a and S4b, Figure S4-1) . Indeed the rotation angle ϕ 1 rotated the sample as well as the strain components.
Results and Discussion
The μXRD technique creates large quantities of data which are best understood when displayed as 2-D maps of suitable measures of orientation, strain, or stress. In Figure 3 we display for scan A all information, i.e., maps of the three Euler orientation angles (Figures 3a-3c) , maps of the six matrix components (Figures 3d-3i ) and projections of the principal strain ellipsoid axes on the xy plane (Figures 3j and 3k ). For scan S4 (rotation test) Euler angles and projected ellipsoid axes are shown in Figure S4 -1. For the other three scans (B, C, and D) we only show maps of one Euler angle (Φ) as well as magnitudes and orientation of the principal axes of the strain ellipsoid (ε 1 and ε 3 ) ( Figure 5) . A summary of scan information is given in Table S2 in the supporting information.
In the strain maps, each scan contains several 10 4 of individual measurements. It is impossible to represent the line representing the projection of the normalized principal axes ε 1 and ε 3 at every scanning pixel-therefore, we plot magnitudes for every spot but lines only every seventh to fourteenth (depending on pixel density) grid point in both directions. Some regions in the maps are grey, especially in the fine-grained parts of scan C ( Figure 5 ), indicating that Laue patterns could not be indexed as quartz, either due to high local crystal plastic deformation or presence of a different phase. Scans A (Figure 3) , B ( Figure 5 ), and S4 ( Figure S4 -1) cover mostly one single crystal, while scans C and D represent a large number of grains with different orientations. It is impressive that in all five scans shortening axes (blue) are largely horizontal (parallel to x, Figures 3j, 5 (second column), and S4-1b) and extension axes (red) largely vertical (parallel to y, Figures 3k, 5 (third column) , and S4-1b). Since the y-z plane is parallel to the vein wall, which also corresponds to the plane separating the individual boudin segments, and x is perpendicular to the vein wall, this indicates that all scans are indicative of shortening elastic strains parallel to x, i.e., perpendicular to the vein wall (Figure 1d ).
The fairly uniform color across the maps means that there is not much influence of grain orientation on the magnitude of the recorded elastic strain. The strain magnitudes suggest a range from À1.5 × 10 À3 to +1.5 × 10 À3 . Also grain size does not seem to have an effect. Grain sizes are small adjacent to the border of the veinlet (right side of scan C in Figure 5 ) and are larger in the center (left side of scan C in Figure 5 ). Figures 1c and 3) . These correspond to deformation lamellae and are likely produced by stress [Vernooij and Langenhorst, 2005] . The deformation lamellae observed are bounded by Dauphiné twin boundaries (difference in ϕ 2 of 60°, Figure 3c ). Such lamellae are particularly common in quartz subjected to high stress such as meteorite impact but also occur in low-grade metamorphic environments [Derez et al., 2015] . Strains are highest in grains with lamellae ( Figure 3d ). Associated with the deformation lamellae, there is a switch in strain axis orientation (Figures 3d, 3e, 3j, and 3k) , perhaps due to the fact that Dauphiné twinning succeeded the stress pattern and caused lattice rotations, thus modulating the externally imposed strain experienced by the grains.
As shown, all scans, except for the deformation lamellae, indicate elastic shortening perpendicular to the vein walls. Since the thin veinlets are embedded in the boudin segments, it is fair to assume that the elastic shortening strain recorded in the quartz of the veinlets better reflects the shortening strain of the boudin segments than the larger veins separating the boudin segments. The shortening strain in the psammite of the boudin segments is expressed by a weak cleavage development [Kenis et al., 2005] , parallel to the veinlets, thus in line with the shortening strain revealed by this study.
So far we have emphasized lattice strains that are derived from distortions of the diffraction pattern. The deviatoric strains ε kl can be used to calculate deviatoric stresses σ ij by applying Hooke's law: σ ij = C ijkl ε kl . C ijkl is the fourth rank stiffness tensor. The stress tensor not only depends on the strain tensor but also the crystal orientation. In Figure S1 -1 we display histograms of equivalent residual stress for scans A-D. They display a peak at 200-250 MPa. Figure S1 -2 shows maps of the stress ellipsoid axes (magnitude and orientation) corresponding to the strain ellipsoid maps (Figures 3 and 5 ). As expected, the pattern is similar and documents the presence of significant residual stresses in these quartz grains. They can thus be used as a paleopiezometer, recording the orientation and minimal magnitude of the stress field during the deformation event.
Residual stress magnitudes are rather high but can be compared with overburden stress (~260 MPa), fluid overpressures (~250 MPa), and differential stress (130-170 MPa) estimated by Kenis et al. [2002] . This deserves further investigations.
This study employing μXRD now provides an extra argument, settling the debate about the origin of Bastogne boudins in favor of layer-parallel shortening rather than extension. We regard it as a fascinating revelation to link nanoscale lattice distortion with mesoscale and macroscale deformation structures. In this respect, the residual stress derived by μXRD also seems to reflect the regional stress field related to the Maps of the magnitudes of the (second column) shortest (shortening, blue, and grain boundaries red) and (third column) largest principal strain axes (extension, red, and grain boundaries blue) and projections of the strain ellipsoid axes ε 1 and ε 3 (black lines), respectively, are also shown. Elastic strain in 10 À3 units, positive is extension and negative shortening.
Geophysical Research Letters 10.1002/2016GL069236 development of the layer-perpendicular quartz veins and the subsequent cuspate-lobate folding [Van Noten et al., 2012] . We believe that μXRD may be added as a tool of mineral physics to approach a classical problem of structural geology, namely, identifying remnant stress fields in deformed rocks (paleostress analysis).
Quartz appears to be an excellent recorder of residual strain/stress. The elastic lattice distortion is most likely pinned by crystal defects such as vacancies, dislocations, and disclinations [Kröner and Anthony, 1975; Withers and Bhadeshia, 2001; Cordier et al., 2014] and can preserve information about stress over geological time scales. Kenis et al. [2005] describe the presence of fluid inclusions and substitution of Si by OH. Both may play an important role in pinning lattice distortions. Obviously some stresses have been released during the subsequent geological history (e.g., cooling and uplift), as well as during sample preparation. Yet remaining lattice distortions appear to have an excellent memory revealing the stress geometry that was most probably produced during a tectonic event. μXRD may become an indispensable tool for structural geology, in a similar way as the electron microprobe has changed petrology.
Conclusion
Laue X-ray microdiffraction was used to investigate elastic lattice strain preserved in vein quartz of the original boudins from the classical Bastogne locality, confirming layer-parallel shortening. Based on this study, in which we placed lattice distortions within a well-constrained kinematic context, we do believe that residual elastic strain maps can be used to infer remnant stress fields and thus serve as a paleopiezometer. The same petrographic thin sections that are used routinely for studies of microstructures and mineral identification can also serve to determine residual strain tensor orientations.
